T HE increase in cardiac output during exercise in the dog is caused mainly by tachycardia, the stroke volume increasing only slightly from the resting value. 1 " 3 In the present study, the response to exercise was analyzed further by observing the modifications induced by infusions of cateeholamines and by atropinization. The results show that under these conditions the increased cardiac output during exercise may be achieved by wide variations in the relative contributions of stroke volume and heart rate.
T HE increase in cardiac output during exercise in the dog is caused mainly by tachycardia, the stroke volume increasing only slightly from the resting value. 1 " 3 In the present study, the response to exercise was analyzed further by observing the modifications induced by infusions of cateeholamines and by atropinization. The results show that under these conditions the increased cardiac output during exercise may be achieved by wide variations in the relative contributions of stroke volume and heart rate.
Methods
Twelve mongrel dogs, weighing from 13 to 20 Kg., were taught to stand quietly and to run at graded speeds on a treadmill. The techniques were similar to those described previously 3 but, in all observations being reported here, the cardiac catheters were introduced under local anesthesia, and a densitometer with a fast dynamic response 9 was used.
Infusions of epinephrine bitartrate (Suprarenin),t norepinephrine bitartrate (levarterenol; Levophed), and isoproterenol hydrochloride (Isuprel-Winthrop) in doses of 4 to 40 ;ttg. of the salt per minute were made into the right atrium by means of a motor-driven syringe. The cardiac output was measured by the indicator-dilution methodt during the third minute of infusion.
When an infusion was given during exercise, both procedures were started almost simultaneously. After each infusion, sufficient time was permitted for the heart rate and blood pressure to return to previous levels. Atropine sulfate was given by injection into the right atrium, usually in divided doses, until no further increase in heart rate occurred.
Results Table 1 summarizes the results from 10 experiments in which the cateeholamines were infused. It includes only data obtained at rest and at one grade of exercise. Responses to other doses of the drugs and other grades of exercise were qualitatively similar. Table  2 summarizes the results of five experiments, also at rest and at one grade of exercise, before and after atropinization. Figure 1 shows dilution curves obtained in one of the dogs during rest and exercise before and after atropinization.
The effects of exercise alone were similar to those previously reported. 3 For the 15 experiments summarized in the tables, the mean increases from rest to exercise were 116 per cent for cardiac output, 102 per cent for heart rate, and 8 per cent for stroke volume.
Epinephrine
Infusions of epinephrine at the rate of 16 jug. per minute in three resting dogs increased the aortic blood pressure by 24 per cent, the cardiac output by 83 per cent, the heart rate by 24 per cent, and the stroke volume by 50 per cent (mean values). Infusions during exercise were associated with a cardiac output similar to that during identical exercise before any infusion was given. The heart rate was consistently less and the stroke volume consistently greater than values during control exercises. Results of four other experiments were discarded because the infusion was associated with ventricular extra- 
Figure 1
Indicator-dilution curves from dog 10, experiment 12, standing at rent (left panels) and running at 16 km.p.h. (right panels) both before (above) and after (beloiv) intravenous injection of atropine. Electrically damped aortic pressure pulses, from winch the heart rate ivas counted, also are shown. systoles, ventricular tachycardia, or severe sinus arrhythmia.
Norepinephrine
Infusions of norepinephrine at a rate of 16 /xg. per minute in three resting dogs increased the mean aortic blood pressure by 54 per cent; the cardiac output was reduced by 11 per cent, the heart rate was reduced by 29 per cent, and the stroke volume was increased by 25 per cent (mean values). Infusions of norepinephrine during exercise were associated with a cardiac output slightly less than that during control periods of exercise; the heart rate was considerably less and the stroke volume was greater than corresponding values during control exercises. Thus, the increased stroke volume induced by both epinephrine and norepinephrine at rest was maintained at a comparable level during exercise. Figure  2 (a) illustrates the results in dog 5 when norepinephrine was infused at a rate of 32 /xg. per minute.
Isoproterenol
Infusions of isoproterenol at a rate of 8 /xg. per minute in four resting dogs reduced the mean aortic blood pressure by 15 per cent; the cardiac output increased by 69 per cent, the heart rate increased by 87 per cent, and the stroke volume was reduced by 9 per cent (mean values). During exercise, the cardiac output was 10 to 26 (mean 16) per cent greater than during identical exercise when no infusion was given; the corresponding heart rate was 7 to 22 (mean 17) per cent greater; the stroke volume was almost unchanged, varying by -7 to +8 (mean 0) per cent. The mean blood pressure was 10 to 20 mm. Hg less than that under control conditions of exercise. Figure 2 (b) shows the comprehensive results in experiment 13; as noted previously, representative results from all five experiments involving atropine are summarized in table 2. Before atropinization, the cardiac output, heart rate, and stroke volume during exercise were increased by 95, 90, and 2 per cent over the resting values. Measurements made after atropinization both at rest and during exercise showed corresponding increases of 110, 7, and 100 per cent.
Atropine

Discussion
As already mentioned, the response of the heart rate and stroke volume during moderate exercise prior to the administration of the drugs was similar to that previously reported. 3 When epinephrine was infused during exercise, the cardiac output was similar to that during comparable exercise without the drug, but the heart rate was less; therefore, the stroke volume was greater. Thus, the increase in stroke volume induced by the infusion of epinephrine at rest was maintained at a comparable level during exercise (table 1) . Similarly, the smaller increase induced by the infusion of norepinephrine at rest was main- tained at a comparable level during exercise (table 1 and fig. 2a ).
The bradycardia caused by infusion of norepinephrine is a reflex vagal effect mediated by the pressure receptors. In an added experiment, norepinephrine was infused at a rate of 40 jig. per minute in an atropinized dog. Despite an increase in mean aortic pressure from 110 to 230 mm. Hg, the heart rate increased from 207 to 320 beats per minute, the stroke volume increased from 15 to 21 ml., and the cardiac output doubled. Infusion of epiuephrine at the rate of 16 yug. per minute increased the mean blood pressure from 110 to 186 mm. Hg; the heart rate increased from 192 to 249 beats per minute, and the stroke volume increased from 17 to 25 ml.; the cardiac output was doubled. Thus, the increase in stroke volume in nonatropinized dogs during infusion of epinephrine and norepinephrine is unlikely to be caused solely by a relative or absolute increase in the filling period, but is probably also a consequence of the direct effect of these substances on the heart.
Rushmer and associates 4 previously pointed out certain similarities between the effects of infusion of isoproterenol at rest and those of exercise in dogs. Both circumstances are characterized by tachycardia, increased cardiac output, reduced ventricular diameter, increased arterial pulse pressure, and decreased peripheral resistance. Little change occurs in stroke volume. However, isoproterenol decreases the mean blood pressure, whereas exercise increases it. With mild and moderate exercise, the cardiac output during atropinization was similar to, or slightly less than, that obtained during previous exercise of comparable degree. However, the relative contribution of changes in the heart rate and stroke volume to the increased output during exercise differed. Thus, after injection of atropine, the heart rate at rest was as much, or almost as much, as that during subsequent exercise; hence, the increase in output with exercise was wholly or predominantly caused by an increase in stroke volume.
Although recent evidence has shown that exercise is accompanied in both man 3 and dog 1 " 3 by relatively small changes in stroke volume, great changes in stroke volume may occur under other circumstances. Thus, Warner and Toronto, 6 who produced complete atrioventricular dissociation in dogs and stimulated the ventricles at various rates, found that, within wide limits, the cardiac output was independent of the heart rate both at rest and during mild exercise.
The present observations provide further evidence of the ability of the heart in unusual circumstances to regulate its output largely or predominantly by changes in stroke volume. In the atropinized dog, owing to the tachycardia at rest, the stroke volume is small, but it increases during exercise to approach the premedication value. By contrast, both epinephrine and norepinephrine increase the stroke volume in the resting animal, and a similar increase in stroke volume is maintained when these agents are infused during exercise. Thus, we agree with Warner and Toronto, 6 who concluded that the cardiac output may be regulated to provide the required flow mainly through changes in stroke volume, even though adjustment of the heart rate is the usual means of attaining this end.
Summary
The manner in which the administration of epinephrine, norepinephrine, isoproterenol, and atropine modifies the cardiovascular response to exercise has been studied in 12 dogs.
In control observations, exercise increased the cardiac output by 116 per cent, the heart rate by 102 per cent, and the stroke volume by 8 per cent. When epinephrine was infused during identical exercise, the cardiac output was similar; however, the stroke volume was increased by 50 per cent. During infusion of norepinephrine, the cardiac output was reduced by 11 per cent compared with that during control exercise, and the stroke volume was increased by 25 per cent. With isoproterenol, the cardiac output exceeded that during control exercise, but the stroke volume was unchanged.
Prior to administration of atropine, the cardiac output at rest averaged 4.2 L. per minute. After injection of atropine, the cardiac output averaged 3.7 L. per minute, the heart rate increased from 121 to 249 beats per minute, and the stroke volume decreased from 35 to 15 ml. Before atropinization, the cardiac output, heart rate, and stroke volume during exercise were increased by 95, 90, and 2 per cent over the resting values; after atropinization, the corresponding increases were 110, 7, and 100 per cent.
Thus, while cardiac output during exercise normally is regulated mainly by changes in the heart rate, the stroke volume may make a major contribution under other circumstances.
